Introduction
Analysis of deformational histories along polyphase reactivated faults commonly is based on the dating of cross-cutting relationships using relative ages of offset strata or geochronological ages of syntectonically grown minerals within fault planes. However, ten Veen and Postma (1999) and ten Veen and Kleinspehn (2000) introduced a new approach to reconstructing the vertical component of synsedimentary fault movements by geohistory analysis of sedimentary sections from both the hanging wall and the footwall blocks. The present contribution further elaborates this method to calculate apparent dip-slip rates for given time slices within sedimentary basins, and to quantify several distinct phases of faulting events in the Miocene Vienna Basin. This demonstrates the applicability of this method to transtensional basins.
Methods
Backstripping of sedimentary columns is generally used as a tool for reconstructing the subsidence history of sedimentary basins. The backstripping process includes corrections for palaeobathymetry and stepwise decompaction of stratigraphic units (Steckler and Watts, 1978; Roberts et al., 1998) , using measured or empirical porositydepth curves (Bond and Kominz, 1984) . Palaeobathymetry estimates are based mainly on known depth ranges of sedimentary structures and palaeoecological proxies, e.g. benthic foraminiferal assemblages or planktonic/benthic ratios. Decompacted thicknesses and palaeo-water depths for each stratigraphic unit result in a basement (sediment-loaded) subsidence curve, which may or may not include a correction for eustatic sealevel changes.
The backstripping method introduced by ten Veen and Postma (1999) and ten Veen and Kleinspehn (2000) uses basement subsidence curves without sea-level corrections for sedimentary successions on two fault blocks adjacent to major synsedimentary normal faults (Fig. 1a) . Segments of convergence or divergence record times of dip-slip activity. Parallel curved segments record either times of inactivity or pure strike-slip motion. Intervals of faulting can be dated according to the achieved chronostratigraphic resolution, commonly based either on biostratigraphic data and their correlation to chronostratigraphic scales or on geochronological dating of marker beds. The relative sense of fault movement can be determined directly, with converging or crossing basement subsidence curves indicating reversals in the sense of faulting (Fig. 1b) . This method can only be applied to synsedimentary faults and assumes no hiatuses or erosion in the investigated sections.
In the present article the method of ten Veen and Kleinspehn (2000) is expanded to calculate apparent dipslip rates, i.e. the vertical component of displacement, for individual faults based on backstripping. Basement subsidence values, seen in the differences in vertical position of two basement surface points at a given time for each stratigraphic interval (cf. Fig. 1b ), are calculated. Assuming similar stratigraphic timing within both sections and the absence of significant erosion, the difference of the basement subsidence values on either side of the fault are calculated stepwise for each stratigraphic unit. These dip-slip values (Fig. 1c) are divided by the time duration to give apparent dip-slip rates for each fault. Results of this fault backstripping method are presented in step plots of the slip rate vs. time (Fig. 1c) . Positive or negative values indicate the sense of dip-slip, i.e. which block moved faster; fault inactivity or pure strike-slip motion result in zero values. Given the uncertainties in the backstripping process (e.g. Gallagher, 1989) , slip rates are regarded as significant if they are larger than the possible error range introduced by the difference between minimum and maximum palaeowater depth estimates (ten Veen and Kleinspehn, 2000) .
Geological setting
The Vienna Basin (Fig. 2) , which is part of the Neogene Paratethys basin system (Steininger and Wessely, 2000) , constitutes a complex pull-apart basin
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In general, the evolution of the Vienna Basin started during the early Miocene (Eggenburgian-OttnangianKarpatian; for timescales see Fig. 3 ) with the development of a partly nonmarine piggyback basin on top of N/ NW-moving Alpine thrusts to the north-east of Vienna (Decker, 1996; Hamilton et al., 2000) . Palaeostresses changed to sinistral transtension (Fodor, 1995; Decker, 1996) around the early/middle Miocene boundary, leading to the formation of smallscale, rapidly subsiding lows and relatively stable highs during the Badenian and Sarmatian. A renewed marine transgression started in the early Badenian and also reached the southern part of the basin. Up to 3000-m thick successions of marls and sandstones characterize the central parts of the basin, whereas delta sands and carbonates were deposited at the basin margins or at shallow depths (Sauer et al., 1992; Seifert, 1996; Weissenba¨ck, 1996) . Maximum water depths in the central part of the basin probably never exceeded 250 m and thus basement subsidence values are mainly controlled by stratigraphic thicknesses. During Sarmatian and Pannonian times, salinity decreased, leading to limnic-fluvial deposits (Seifert, 1996) .
Within the central part of the basin, where most of the investigated wells are situated, hiatuses and erosion are very minor. The only documented break in sedimentation was around the early/middle Miocene boundary, where block tilting and erosion is known north of the investigated area. Syntectonic stratal geometries within the Vienna Basin are well known from well log correlations and seismic data (e.g. Hamilton et al., 2000) . Coeval syntectonic sedimentation on hanging wall and footwall blocks can be demonstrated in several cases (e.g. Seifert, 1996) .
Backstripped basement subsidence
Subsidence curves are based on wells along a WNW-ESE transect in the northern Vienna Basin (Fig. 4) , including lithology data from cores and well logs provided by OMV, and revised stratigraphic correlations. Palaeodepth estimates rely mainly on the interpretation of foraminiferal assemblages (e.g. Brix and Schulz, 1993) . Most of the wells are within relatively unfaulted blocks, although some of them, e.g. AdUT1 (Fig. 4) , drilled through faults. Thus, thicknesses in the Karpatian/Badenian part may be reduced and basement subsidence may be slightly underestimated from this well. Step plot of apparent dip-slip rates vs. stratigraphic time along fault between wells A and B. Rates are calculated by subtracting Ds I-1 from Ds i , and dividing the difference by the duration of the stratigraphic interval. Fig. 2 Tectonic sketch map of the Vienna Basin (redrawn from Wessely, 1984; Decker, 1996) and locations of studied wells. Abbreviations: KoT1, Korneuburg T1; Le2, Leopoldau 2; AdUT1, Aderklaa UT1; RaaT2, Raasdorf T2; UnT1, Untersiebenbrunn T1; En1, Engelhartstetten 1. et al., 1995) . Extremely high basement subsidence rates of more than 2000 m Myr )1 are recorded during the Karpatian, although these high rates may be the consequence in part of poor dating of these fluvial deposits. Subsidence rates decreased during the middle Miocene, although several intervals of increased subsidence, e.g. during the middle Badenian and the Sarmatian, have been observed (Fig. 5) .
Backstripped dip-slip fault histories
Applying the method of fault backstripping to the investigated section results in a complex dip-slip history along individual faults. The positions and orientations of major faults along the transect are based on mapping, seismic sections and well data (Brix and Schulz, 1993; Hamilton et al., 2000) . Most of the faults strike nearly N-S and are regarded as predominantly normal faults within step-over areas of a sinistral strike-slip fault pattern. These faults generally have dip angles of 45-70° (Fig. 4) , which makes the choice of well pairs for the fault backstripping method critical. In order to avoid major faults cutting through the well sections, wells were chosen that were relatively far from the faults. However AdUT1 and En1 are cut by faults in the Karpatian/ Badenian (AdUT1) and the Pannonian (En1), which results in a higher uncertainty of calculated values. Lateral, non-fault-controlled thickness changes resulting from large horizontal distances of wells (e.g. UnT1-En1) are minor as a consequence of the basinal facies recorded in these wells (e.g. Seifert, 1996) .
Apparent dip-slip rates were calculated by consistently subtracting basement subsidence values of the western well from the eastern well along the transect, regardless of whether the well is situated on the hanging wall or the footwall of a major synsedimentary normal fault. Thus, positive values indicate a relative downthrow on the eastern side of the fault, whilst negative values indicate a relative downthrow on the western side, irrespectively of the fault geometry (Fig. 6) . High subsidence areas forming depocentres are thus defined by opposing peaks.
The most significant result for the basin history is indicated during the Karpatian, in which two phases of subsidence can be recognized (Fig. 6) . During the early Karpatian (Ga¨nsern-dorf Formation and Karpatian flysch debris, see Fig. 3 ) sedimentation was Fig. 3 Chronostratigraphic chart of Western ('Central') Paratethys Stages (Berggren et al., 1995; Vakarcs et al., 1998; Steininger and Wessely, 2000) and stratigraphic subdivisions used in this paper. Transgression on the pre-Neogene basement in this part of the Vienna Basin is assumed at 17.3 Ma. Correlation to nannofossil NN-zones according to Ro¨gl (1996) and Steininger and Wessely (2000) . Ages of Badenian zones and subdivisions of stages according to Ro¨gl (1996) and Harzhauser (pers. comm.). indicated along several faults. Although the apparent dip-slip rates for this time interval are rather low, this time of apparent reverse faulting correlates nicely with the coeval uplift and erosion to the north of the investigated section (Weissenba¨ck, 1996) .
The Bisamberg Fault, which bordered the basin to the west during Badenian-Sarmatian times, displays almost no dip-slip activity during the Karpatian to earliest Badenian. This marginal fault indicates a two-fold subsidence history, with a Badenian cycle followed by a Sarmatian-Pannonian cycle.
A second significant increase in fault activity is indicated by fault backstripping during the early Sarmatian. Although this peak may be partly the result of incorrect dating of this relatively short time interval (see different values for the beginning of the Sarmatian in Ro¨gl, 1996 and Vakarcs et al., 1998) , some wells show also a reversal in the sense of faulting, which calls for a tectonic explanation. Apparent slip rates range up to 400 m Myr -1 . During the Pannonian, slip rates along faults in the basin are rather insignificant. Subsidence seems to have been concentrated along basin margin faults. Especially for the late Pannonian, the method is rather inaccurate, because significant amounts of Middle to Upper Pannonian deposits were eroded during late Pannonian/ Pliocene inversion and uplift within the basin (Decker, 1996) .
Discussion and conclusions
Apparent dip-slip rates of synsedimentary normal fault movements can be calculated by backstripping basement subsidence from both the hanging wall and the footwall blocks. The results from applying this method along a transect from the central Vienna Basin corroborate and complement results from previous studies concerning the tectonic evolution and palaeostress history of the basin (Fodor, 1995; Lankreijer et al., 1995; Decker, 1996) . The method indicates that the major fault activities during the Karpatian were previously underestimated. The Karpatian tectonic history of the basin differs strongly from the Badenian-Sarmatian-Pannonian history (Decker, 1996) . Significant thicknesses of Karpatian Apparent slip rates for the Miocene of the Vienna Basin • M. Wagreich and H. P. Schmid Terra Nova, Vol 14, No. 3, [163] [164] [165] [166] [167] [168] . (Fig. 6 ). According to published seismic data (Brix and Schulz, 1993) , it is not clear whether middle Miocene faults were already active during the Karpatian. If so, the present data indicate reverse sense of faulting during the early Karpatian, which is not in accordance with later pull-apart basin geometries and, thus, supports the interpretation of the early basin history as a piggyback basin (e.g. Decker, 1996) . During the late Karpatian, fault senses in the central basin indicate a normal sense of dip-slip, marking the beginning of the development of the typical small-scale depocentre geometry of hanging wall blocks of the middle Miocene Vienna Basin. The amount of strike-slip displacement during this time cannot be assessed using the backstripping method. However, this type of faulting is regarded as marking the beginning of pull-apart basin formation, which has been inferred for the late Karpatian, based on changing basin geometries and facies patterns (e.g. Wessely, 1988; Sauer et al., 1992; Hamilton et al., 2000) .
A short time of apparent reverse movement indicated along several faults during the lowermost Badenian (Fig. 6 ) marks the sedimentation of the Aderklaa conglomerate. This reversal seems to be a consequence of tectonism, as coarse deposits and uplift and erosion north of the investigated transect call for a tectonic explanation for this event. However, the ultimate reason for the reversal of fault movements during this time remains unclear and significant strike-slip motion and a local rearrangement of fault patterns around the Matzen structural high may be considered also.
In general, the following time intervals show fault histories that are in accordance with the general tectonic evolution of the basin, with ongoing extension and basin subsidence from the middle Badenian to the middle Pannonian. Apparent dip-slip rates are low compared to the Karpatian and show no significant peaks, with the exception of the early Sarmatian. Fault activity during this time cannot be correlated with any significant phase in the tectonic interpretations of the basin's history given by Fodor (1995) and Decker (1996) , although tectonism is known to the south of the Vienna Basin, also, within the Styrian Basin (Krainer, 1984; Sachsenhofer et al., 1997) , and may be related to a regional extensional phase (Sachsenhofer et al., 1997) .
According to the present study, fault backstripping gives reasonable results not only in extensional basins (ten Veen and Kleinspehn, 2000) but can be also applied to pull-apart basins such as the Vienna Basin. Although there are several sources of uncertainties associated with the method, e.g. errors in backstripping calculations, the absence of significant erosion, or errors in palaeodepth estimates, the method indicates the sense of fault movements and gives estimates for the apparent vertical component of displacement. On a basinal scale, the method provides information about fault kinematics through time, and can be used to constrain time intervals of intensified faulting. Furthermore, step plots of apparent dip-slip rates, arranged in transects perpendicular to major faults, give a clear indication of shifting areas of subsidence, acting as depocentres, during the history of the basin. Fig. 6 Step plot of apparent relative dip-slip rates vs. stratigraphic time for four synsedimentary faults along a Vienna Basin transect from west to east. Interpreted times of main fault activities are marked in grey. E, early Miocene; K, Karpatian; B, Badenian; S, Sarmatian; P, Pannonian.
